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1.1w2:7;>§4 
Ȩ¯[]f{/ļ˦?ƍıEąĄ@BEÖȦAB/¿¯u
?Øńu8(.*.ǳ˿,
'<9?BA (Rieke et al., 1997; Dayan and 
Abbott, 2005; Alberts et al., 2012; Bialek, 2012; Kandel et al., 2012)+D#ȨĖ.
Ȧʠ,/Ču,AƍıÖȦ[]f{(*.>+ÖȦ+DB'
A.
EȦʠAƄʘ	A.!;,Ìç)×çEʞȌA)(¿.[]f{EȦʠ
A./>Ȫ
?B'
Aƛǽ(	A (Ĥ 1.1) 
ȟŉ.Ìç,Ŕ'×çEʞȌAµ)'/ɝɴÓ.Øń|Ok^{,

'ǩ+ʉȦßȔ,ŔAƇɐE[Tjª˜EƢbpSʿ.˩ñ)'Ʃ
KL]bseh,>$'ŉˮB'! (Towbin et al., 1979; Alberts et al., 2012)
ɀɟɝɴ,
'/ɝɴɺ̉Ȁ=̉ħE¨Ə,ĺ'ßȔE!).ɺ̉­=̉Ȁĺ
ñEĄſA)(.̉ǸñŇȳ+ȟƊpedStǽ+*.ǩ+̉ǸȨȦŇ
ȳƛǽ,>$'ʱ5?B'
A (Neher and Sakmann, 1976; Hamill et al., 1981; Kandel 
et al., 2012)ǌˏ(/ǩ+ɝɴ[TjEʢȌA)Ĉɵ+ʌÊts.˵ȱ
,>$'in vivo,
'<ȟŉßȔ,ŔAɝɴ[Tjª˜.ǈɈ˶ȳƇɐEĄſ
(A>,+$! (Grynkiewicz et al., 1985; Miyawaki et al., 1997; Dean and Palmer, 
2014; Arrowsmith et al., 2015; Miyawaki and Niino, 2015; Lin and Schnitzer, 2016) 
8!×ç.ʢȌ"(/+Ìç,˷'<ǈɈ˶ȳ+ÞƀĈɵ)+$'
!µ0yJSȀ¯goJ]EȪ
A)(ßȔEǈ˶Ɉ˶ȳ,þŐ,Þƀ
A)(A (Chronis et al., 2007; Liu and Lu, 2016; Hiraiwa et al., 2018, 2019)
?,/ÊˣªŇȳƛǽ,>@ɀɟɝɴ.ɽŁ=ƟÞ_Oi|e_\~.Śƙȕ
ųĺí+*.ßȔEǈɈ˶ȳ,Þƀ(A>,+$'! (Nagel et al., 2003; Boyden 
et al., 2005; Kim et al., 2017)B?.ßȔƞʏ)Ê[hĪ̗Ɓ˳ (Huisken et al., 
2004; Power and Huisken, 2017) =Êń̗Ɓ˳ (Denk et al., 1990; Helmchen and 
Denk, 2005) +*.̗Ɓ˳ƞʏ.˘ǲ,>$'ɞɩ¿¯u.Ų
ɓģ(.ȥʹE
ɝɴ)B¥.ʠÇų(̠˕,Ąſ(A>,+$!.>,'ȟŉ.Ì
ç,ŔA×çEĄſA)(¿¯u?Øńu8(ǩ+˿ŞEˆ
"
[]f{.Ȧʠ˘F(
Aµ)'yK].̎)˗č!ƋƈǕ§¢Ňɬ,

'/ɱʜ˭?ƚǟ¯4.ȟŉ.[jt]ɠčŸ8A)(Ƌƈʎíŷ˂
BA)ǅ?,+$! (Abdou et al., 2018)B/ɀɟɝɴuɀɟĠ
2 
 
ˇu¿¯uEˆ
(Ì×ç˷º.ʠǅE!Ȼɇ.µ(	A 
Ìç.Þƀ=×ç.Ąſ"(+B?EȦʠA!;.ʠǙƛǽ<ǩ,
˵ȱB'
AƇɐŸų.Ƕˌ=ȶȶ˷ʠǙ<ǎȪ+ƛǽ (Kobayashi et al., 2013; 
Suzuki et al., 2015, 2018) (	AÞƀȦʴ,A[]f{ďŉǽEưȪA)(
ɀɟɝɴ.ƇɐȟƊǅ?,B''
A (Marmarelis and Naka, 1972; Dayan and 
Abbott, 2005; Nagel and Doupe, 2006; Kato et al., 2014)¿¯u,
'<ɨʋ=
nM.Űʋ,
'ÊˣªŇ,>$'Ƒʜɀɟɝɴ.ƇɐEÞƀA)(ÞƀȦʴȳ
+Htd,>@ƑʜɀɟɝɴƇɐ)ʎí.˷ºƊ<ǅ?,B'
A (Gepner et 
al., 2015; Tsukada et al., 2016)8!ĄſB!gb?ƻȦ}gEǨɔA)
([]f{EȦʠA[]f{oJN\<ǎȪ+ƛǽ(	@ (Kitano, 2002)yJ
Wt^y,
'/(,Íɝɴ[z[+DB'
A (Karr et al., 
2012).>,ǩ+ƛǽ,>$'ȨĖ,AÌ×ç˷ºȥĨ8(,ǅ?,
B'!8!Ž<B?.ƛǽ.˵ȱ/˘:"C 
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

Ĥ 1.1[]f{ďŉȳȨĖ[]f{.Ȧʠ 
Ŋ̟ɮʤŉ!Ìç,Ŕ'×çEȌŉA)(.˶,ŅĨAȨĖ[
]f{*.>+ƊʿE<$'
A.EƫA 
 
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1.2 vJ)
7;>§4 
B8(ː5'!>,ȨȞ,
'ǩ+Ì×ç˷ºÞƀȌŉʠǙ
ƛǽ.đ,>$'ȥĨ8(,ǅ?,B'!ǀ(B?.Htd/Ìç
>1×ç.Ůĩȳ+˷ºƊ.9,ȸȴ'@Ìç.Ʊ?=Ƚȣȳ+ƨAɾ
×
ç,*.>+Ż̏EA.,˷'/6)F*ʷʴB'
+
:CŮĩñ
EA)(	'B?.Ż̏EƜ#Ȅ>+HtdĄ?B''
!
µ0ˮ ńçŇ,
'/ȞȦˮ.ȌŉÂ/Ƚȣȳ+ƨɾ
EȾ (Born, 1926; 
Heisenberg, 1927; Sakurai and Napolitano, 2017)).ˮńçŇ.ǔʿȳ+Ɗʿ)
'ȦʠB'
AćÒçŇ,
'<Brown ˙í,£ʑBA>,Ɓʛȳ+Ʊ
?,>@ťʛȳ+ƣƺȥʹ̞íBA)<ǅ?,B'@Ůĩȳ+Ƨí>
@<.ȞȦˮ.ȽȣØŪ.6ˬʘ+ƏĕE<% (Einstein, 1905; Sekimoto, 2010) 
ȨȞ,
'<!Ʊ?,>AŻ̏/ǻ'șʛ(+
<.)ʬʶ
B''
A (Faisal et al., 2008; Eldar and Elowitz, 2010; Tsimring, 2014)µ0ď
Į̛Ǖ§.Į̛ɝɴ,
'<ɝɴǵ.ĩƊŅĨB/ˣªńȱȥ+*.Ó
Ĩȳ+ʘġ)Pi+*.ļġȳ+ʘġ	A)D$'
A (Elowitz et al., 
2002; Eldar and Elowitz, 2010; Tsimring, 2014).>+ĩƊ/ʉäɯƊ.ġ(
	A!;ôȰØ˭,
'<ˬʘ+Ĝ̖(	A (Hinohara and Polyak, 2019)8!Ʊ
?/̆̎)'[Tjª˜+*E˺ōA"(/+˒,ƑųE̠;A)<	
@B/ȽȣÏ̢)'ȹ?B'
A (Wiesenfeld and Moss, 1995; Gammaitoni et al., 
1998; Anderson et al., 2000) (Ĥ 1.2).>+mJ^(.ƍıª˜EȦʠA!;.
ƛǳ)'/ƍıȦʴ (Cover and Thomas, 2006) ˠȪB'!ƍıȦʴ/<)<
)˔½Ø˭,
'mJ^.Ľ
˔½ˇ,
'ƍıEˊˑA!;,˵ȱB! 
(Shannon, 1948) BEȨȞ,A[Tjª˜,ˠȪBAȻɇ	A (Rieke 
et al., 1997; Bialek, 2012; Uda et al., 2013; Uda and Kuroda, 2016)B?.Ȼɇ(/
ɀɟƗ˴ġń NGF,ŔA[Tjª˜ŉˮñB[Tj˺ō,Ŕ'.ƍıª
˜̒Ä(	A)ȾB! (Uda et al., 2013; Uda and Kuroda, 2016)8!ƍıȦ
ʴ,
'ŉɫB!MhqȜçŇ(.Mhq).ŔƇȦʴȳ,<Ŋ
̟ȳ,<ȾB'
A (Jarzynski, 1997; Sagawa and Ueda, 2010; Sekimoto, 2010; 
Toyabe et al., 2010; Seifert, 2012; Ito and Sagawa, 2013; Parrondo et al., 2015).>
+Ʊ?Eșʛ(+
ɘ(.ȜçŇ/Ʊ?ɘ.ȜçŇ  (stochastic 
thermodynamics) )>0B'@ˏůľɸʆ.ˁñƊ}g,.ȦʴEȪ
A)
5 
 
(.[Tjª˜ȜçŇȳ,ìȣȳ(	A)D$! (Ito and Sagawa, 2015)
!ȹʙ?ȨĖ,AmJ^EɭƓ!Ì×ç˷º.ˬʘƊ/ǅ?(	A (Ĥ
1.3) 
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Ĥ 1.2 ȽȣÏ̢.µ 
mJ^ș
)½Ċ/˸ÂE˃A)/+
 (Ť) mJ^,>$'Ìç˸Â
E˃A)A (ĉ)B/mJ^>@˒,ƑųǄ'
A)E
Əĕ.>+ȥʹEȽȣÏ̢)>3 
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Ĥ 1.3 žǖ.ɭǀ)ǔȻɇ(Ą@ɞ:ɭǀ 
žǖ/Ůĩñ,>$'ǻŉʴȳ+˷ºEɭ'
A (Ť) ǔǖ/mJ^,>$'
Ìç×ç)<,Ƚȣȳ+<.(.Ƈɐ,/ŭ	A (ĉ) 
  
8 
 
1.3 f~}| 
¥(ː5!>,ȨĖ,
'mJ^EɭƓ!Ì×ç˷ºEǅ?,A
)ˬʘ(	A)
ʬʶ/ȨȞŇ.Ø˭(<ȃ˓'
A<..ǀ(Ǔ",Ȩ
Ȟ,
'mJ^EĒ:Ìç,Ŕ'*.>,ƇɐA.,%
'.Ȧʠ/Ȧʴ
Ŋ̟.̍,
'õØ(	A.õØ+ȦʠEËǏA!;,/âː!ľɸ
ʆˁñƊ}g.>+ɝɴu(.[Tjª˜|Ok^{>D$'
Aɘ
,%
'ȨȞŇɮ,<ȦʠĈɵ+Ʊ?,˷Aƿʚ+ʧ¸ˋEŉ;A))<,ȨȞ
Ňɮ,>ȹ?B'
A}gȨȞɘ,%
'.Ì×ç˷ºEǅ?,A>+Ŋ
̟ɘE˵ȱA)/ˬʘ(	A)ɭ!(ǔȻɇ,
'/ƿ
Ì×ç˷º
.ŉˮñƛǽEƮǠȦʴ)Ŋ̟.ǭȊEʨ9AɎ 2 ɋ,
'/Ȧʴ̍?
ȨĖ,
'̌Ŭ,>ʙ?BArIioeSɘEµ,	mJ^.Ż̏EŉˮA
!;,ŉŶñE+ľɸʆˁñƊ.ƻȦ}gEȪ
Ʊ?ɘ.ȜçŇ>1ƍ
ıű°ŇEŖÌA)(ȜçŇȳ+̑ƇìȣEŉˮA?,.ìȣÌç.m
J^,>$'*.>,ĺñA.E9AɎ 3 ɋ,
'/Ŋ̟̍?.Ht
dEʨ9AɎ 2 ɋ(ǅ?,!>+Ì×ç˷º,AmJ^.Ż̏Eʱ5A!;
,/Ì×ç.ďǈǈɘÛgbƄʘ(	A+?Ȩ¯Ó.rIioeS
ɘ,Ȫ
?BAØń/įǔȳ,ĺñŗ8!ȥȠ.Ȍŉƞʏ<õØ(/+
 
(Miyawaki and Niino, 2015; Lin and Schnitzer, 2016)>$'ȥȠ.Ȍŉƞʏ,
'
/Ɏ 2 ɋ(ŉŶñ!ȦʴE.88ˠȪA./̈
.!;>@Ȍŉŏǆ
+ɘEŔʹ)A)(ďǈJ|\T,>$'mJ^(.Ì×ç˷ºEǅ?
,A)Eʨ9!ɨʋ. Ĩɀɟɝɴ AIY E}g).Ìç(	Aɀɟª˜Ȟ
ʿ>1×ç(	A Ca2+Ƈɐ>1ɺ̉­ĺñEɻțmJ^(ȌŉA)(ɻț
,Ʊ?
(
Aɀɟª˜ȞʿÌç,>$'ƺȱȳ+ɀɟǿíA)Eǅ?,
A 
Ɏ 4ɋ,
'/¥>@ſ?B!ɠǚ,%
'ʷʴŽ.ŜǐEː5A 
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 2 XIT3M
LAW"%
ªVN¥ 
2.1 c 
mJ^.	AȧĶ,
'Ȩ¯[]f{/ļ˦ƍıEÖȦAƄʘ	AƑʜ
̑Ƈ/.(<ǩ+Ÿų.ļ˦ßȔ,Ŕ'ƇɐƊEʱɒA!;.ˬʘ+Ǯɵ.
%(	AĽ.ȨȞ(ʺ .rIioeS,>$'̑ Ƈ+B'
A (Nakatani et 
al., 1991; Menini, 1999; Hohmann, 2002; Hazelbauer et al., 2008; Tu et al., 2008; Lan et 
al., 2012; Shidara et al., 2017)mJ^,AƍıÖȦEŉˮȳ,ȦʠA!;,Ʊ
?ɘ.ȜçŇ  (stochastic thermodynamics) ,>AHtdƮěB'
A 
(Sartori and Tu, 2011; Lan et al., 2012; Sartori et al., 2014; Ito and Sagawa, 2015; Ito, 
2018)Ʊ?ɘ.ȜçŇ)/Brown˙í,£ʑBA>+mJ^,>AŻ̏șʛ
(+
>+ɘ,AȜçŇ(	A (Jarzynski, 1997; Crooks, 2007; Sekimoto, 
2010; Seifert, 2012; Parrondo et al., 2015)ȸȴ'
Aɘ.ȽȣØŪ.ˡɄ?M
hq+*.ȜçŇȳˮEʢɑ(8!ƍıȦʴ,AMhq).ŔƇ˷
ºȹ?B'
A (Sagawa and Ueda, 2008, 2010; Ito and Sagawa, 2013; Parrondo et al., 
2015)ȟ,Ƒʜ̑Ƈ.}g)'ľɸʆ (Escherichia coli) .ˁñƊ}g/ʁ
ʱ5?B'@ (Hazelbauer et al., 2008; Micali and Endres, 2016; Bi and Sourjik, 2018)
ȜçŇȳ+W]h).˷ºǅ?,B (Lan et al., 2012; Sartori et al., 2014; Ito and 
Sagawa, 2015)Ƒʜ̑Ƈ.˚ɅȜçŇȳ,ìȣȳ(	A)D$'!ľɸʆ.
ñŇȞʿƑʜąŏ,
'ļȮ.Pi/ MCP (methyl-accepting chemotaxis 
protein) ąŏ¯,>$'ąŏBCheAQj`.ɻŧ˩ñEƟÞACheA.
˩ñ/ CheY.ǿƊE 'ľɸʆ.â˘EƟÞAǀCheA.˩ñ/ CheB
E˩ñCheB/MCPEɶ|dñ,>$'ǿƊñA>$'MCP,>A CheA
.ǿƊȉŘ/ CheB .ǿƊȉŘEŷ˂MCP .ɶ|dñƟÞBA)(
MCP.ǿƊȉŘA.>+ʺ.rIioeS,>$'ļȮ.Pi,Ŕ
ȂƇ˂A (Ĥ 2.1A)Ʊ?ɘ.ȜçŇ,
'/CheA Qj`ǿƊEȸȴɘ)
A)MCP.|dñB,Ŕ'˚ÿ.[Tj,˷AƍıEʣ˲A|}(
	A)9+AÉʎȻɇ,
'̑Ƈ,AMlR)̑Ƈ˕ų'̑Ƈ.
ǱȽƊ.˷ºƊƻȦ}gEȪ
'ǅ?,B'
A (Lan et al., 2012).Ȼɇ(
/ǱȽƊ/ßȔâ.Qj`.u)̑ƇŽ.Qj`.u.Ŧ)'ʑȥB
8!̑Ƈ˕ų/}g,Aǈŉƻ,>$'.9ǻŉB'
!'ȜçŇȳ
+W]h/B?.p|b,>$'ŉŶñB'
A̑Ƈ˕ų/ď}g(	$
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'<ßȔ+*,>@ĺñA/(	AB8(.ʷʴ(/ǈŉƻ¥ļ,̑Ƈ˕ų
)W]h,%
'ɭA)/ʎDB'
+
ˏůƱ?ɘ.ȜçŇ,Ŕ'ƍı
ű°ŇEŖÌy]bǀɅŶEȪ
'ñŇăƇ,AăƇ˕ų)ȜçŇȳW]h
ǅ?,+$! (Ito, 2018)8!ʀȳ+ Langevin ǀɅŶ,
'<ƍıű°Ňȳ
+HtdŖÌB'
A (Ito and Dechant, 2018)B?.Htd(/.
ǈ,
'̑Ƈ.ìȣ,%
'ʷʴA)(AǔȻɇ(/ƍıű°Ň)Ʊ?
ɘ.ȜçŇEľɸʆñŇˁƊ̑Ƈ}g (Ĥ 2.1) ,ˠȪ̑Ƈ˕ų)ȜçŇȳ+W]
hEƻȦ}g)ƻÂʢɑ,>$'ʱ5!.ɠǚ̑Ƈ.ìȣ/ļȮ.PiŸų
,Ŕ'/̒ÄƊEȾ!ļȮ.Pi,Ē8BAmJ^ŸųEŸA).ì
ȣ/®!ǀ(mJ^Ÿų,Ŕ'úʱȉŘAD(/+mJ^,>$'
ìȣǄǍɻǅ+ȥʹ9?B! 
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Ĥ 2.1 ľɸʆˁñƊ}g.ǬŶĤ 
(A) ļ˦PißȔ/MCPąŏ¯,ɠčCheAQj`.ɻŧ˩ñEƟ
ÞACheA.˩ñ/ľɸʆ.â˘ʎíEƟÞA!;CheA.ƟÞ,>$
'â˘ʎí»˘ACheA Qj`/ CheB E˩ñCheB / MCP
Eɶ|dñA>$'CheA.ƟÞ,>@CheB<ƟÞBA)( M̨CP
.|dñ»˘BAMCP.|dñ,>$'MCP ƟÞB̑Ƈ
A(B) ɗʛñ}g(A).}g>@<ĺƻȉ$'
A̑Ƈ,˷Aį
ǔȳ+Ƨí/Ôȥ(A 
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2.2 ao 
2.2.1 LAMW"% 
ľɸʆ.ñŇˁƊ.ƻȦ}g,/ÉʎȻɇ,
'ŉŶñB'
Aɗʛñ
!˗Ɋɨź LangevinǀɅŶ (Tu et al., 2008; Sartori and Tu, 2011; Ito and Sagawa, 
2015) EȪ
! (Ĥ 2.1B)Ñ¯ȳ,/ d"($)d$ = − 1)* +"($) − "($),,,,,,- + /*($)        	             = − 1)* ["($) − 2	3($) + 4	5($)] + /*($)        						    (2.1) d3($)d$ = − 1)9 "($) + /9($) 																				                (2.2)	
(	?DB"($) Qj`.ǿƊ3($) ąŏ¯.|dñu5($) ļȮ.
PiŸų"($),,,,,, ̑ƇŽ.ŉŬȠƒǈ. "($) .ǿƊuE	?D/*($) >1 /9($) /ȡɊȲʂ GaussmJ^E	?DŸų/B B 2:* ) 2:9 (	A.}
g/ɗʛñɨź}g(/	AŊ̟).ŔƇ˷º(,ȽʬB'
A (Tu et al., 
2008)8!ŉƻ/ÉʎȻɇ(ǻŉB!ÂEȪ
'@B B )* = 0.02)9 = 0.22 = 2.7:* = :9 = 0.005(	A (Tu et al., 2008; Tostevin and ten Wolde, 2009; Lan et al., 
2012; Ito and Sagawa, 2015)8!B?.ɗʛñ}g(/Čp|b/șǰÈ
ˮ(	A 
 
2.2.2 _5 
âɒ(ŖÌ!}gEȪ
'ǰɒ,
'ŖÌAƁŗ˅̇. 2  d>?Ȝ
çŇȳW]hĺñ @ >1ɡʢȳ˴ ℒ /Python (version 3.6.1) .numpyJs 
(version 1.12.1) EȪ
'ƻÂʢɑ!B?.ʢɑ,/ "($) >1 3($) .ȽȣØŪ B(",3) Ƅʘ)+AÜǑØŪ GaussØŪ.Ĳčɨź LangevinǀɅŶ(/.Ž<
Gauss ØŪ,ž!;ŮĩÂ)ÏØƺ.9?ȽȣØŪEǺ;A)( (Van 
Kampen, 2007)B/ǰ.>+ Fokker-PlanckǀɅŶ,ž DB(",3)D$ = 1)* B(",3) + 1)* ["($) − 2	3($) + 4	5($)] DB(",3)D"($)  + 1)9 "($) DB(",3)D3($) + :* D?B(",3)D"($)? + :9 D?B(",3)D3($)?    (2.3) 
Ůĩ)ÏØƺ.Ɓŗǈ˶,Aĺñ/ɨź LangevinǀɅŶ(%GaussmJ^.Ĳ
č,/ǰ.>,ŉŶñ(A (Van Kampen, 2007) 
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Δµ = ⎝⎛−⎝⎛
1)* − 2)*1)9 0 ⎠⎞L + 	L⎠⎞Δ$    		              (2.4)	
ΔΣ = ⎝⎜
⎛−⎝⎛
1)* − 2)*1)9 0 ⎠⎞Σ − 	Σ⎝⎛
1)* − 2)*1)9 0 ⎠⎞
P + 2 Q:* 00 :9R⎠⎟
⎞Δ$ + 	T(Δ$?)  (2.5)	
(T/ʎÛ.ˊɪΣ / "($) ) 3($) .ÏØƺʎÛL /"($) ) 3($) .ŮĩE
	?DB?EȪ
'NJǽ (∆$ = 0.0001) ,>$'ƻÂʢɑ!8!ÜǑØ
Ū/PiŸų 5($) = 0.Ĳč.ŮʐȠƒEȪ
!d>? / Fisherƍıˮ W(X) >1
Kullback-Leibler ƍıˮ YZ[  ?ʢɑ(AB?/ Gauss ØŪ.Ĳč/Ůĩ)Ï
Øƺ?ǰ.>,ʢɑ(A (Nielsen and Garcia, 2009; Amari, 2016) W(X) = ΔLPΣ\]ΔL + 12 tr[Σ\]ΔΣΣ\]dΣ]                   (2.6)	YZ[(B(",3; 	X)||B(",3; 	X + ΔX)                      		 = log |Σ + ΔΣ||Σ| + tr((Σ + ΔΣ)\]Σ) + ΔLP(Σ + ΔΣ)\]ΔL − dimhB(", 3)i 	  (2.7) 
(tr/h]dim	(∙) /uSh.ǰÈE	?D5'.ʢɑ,
'ß
ȔŸų/ 5($) = 0	($ < 0) (Ĥ 2.3 (/ :* = 0.005 ,ĥŉĤ 2.4 (/ :* Eǈà 0
(ĺñ! 
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2.3 i 
2.3.1 LAW"%
XIT3M 
ľɸʆˁñƊ.̑Ƈ/̌Ŭ,>ʱ5?B'@ļȮ.Piąŏ¯,>
$'ƑąBA)Qj`.˩ñEƟÞA (Hazelbauer et al., 2008; Micali and 
Endres, 2016; Bi and Sourjik, 2018) (Ĥ 2.1)ÉʎȻɇ,
'.̑Ƈ/ɨź Langevin
ǀɅŶ,>$'ʑȥB'
A (Tu et al., 2008; Sartori and Tu, 2011; Ito and Sagawa, 
2015).}g/ɗʛñ}g(	@ȜçŇȳ+ʠǙ(A6*ɕɚ+}g(/
	AŊ̟ɠǚE>ăǇ'
A"($) / CheAQj`.ǿƊñuE	?D3($) /MCPąŏ¯.|dñuEʑȥ'
Aʣ.>,ļȮ.Pi,
>$'Qj`˚ȳ,ƟÞBąŏ¯B,ɣ
'|dñBA (Ĥ 2.2A)
B?.ǿƊu/mJ^,>$'ĺíAȽȣĺƻ(	A!;ȽȣØŪ,>$'	
?D)(A"($) >1 3($) /ÜǑØŪ Gauss ØŪ.Ĳč, Gauss ØŪ,
ž$'ǈ˶ĺíA.>+}g,Ŕ'ƍıű°ŇEˠȪAƍıű°Ň,
>@̩%.ȽȣØŪ˶.Ɓŗ˅̇EȌŉA)(A (Amari, 2016)ȟ,Gauss
ØŪ,£ʑBAƦƻØŪǁ l(m; 	X) ) l(m; 	X + dX).Ɓŗ˅̇ d> / d> = 2YZ[(l(m; 	X)||l(m; 	X + dX)    		         (2.8)	=opq,rdXqdXr                     (2.9) 
(	?DBA( X /ØŪEʑp|b(	@W(X) = (pq,r) (	AÉ,ː
5!>,"($) >1 3($) .ÜǑØŪE GaussØŪ(	A)¦ŉA)(B?
?ȽȣØŪ˶.Ɓŗ˅̇EʢɑA)(A 
ÉʎȻɇ (Ito, 2018; Ito and Dechant, 2018) )ďǩ,Ɓŗ˅̇. 2 d>? E
ɭA) d>?d$? = Qd>d$R? = t√d>d$ v?    												             (2.10)	= t 12√d>? d>?d$ v?          		       (2.11) 
)+A8!(d>?/d$? = Σpq,rdXq/d$	dXr/d$ (	Aǰ,ÉʎȻɇ (Wootters, 
1981; Ito, 2018) )ďǩ,ǈà 0? ) 8(.ɡʢȳ˴ ℒ Eǰ.>,ŖÌA ℒ = xd> = x d>d$yz d$               (2.12) 
8!ȜçŇȳW]h @ / 
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@ = x Qd>d$R?yz d$               					 (2.13) 
(ŉɫAÉʎȻɇ,
'.ˮȸȴ'
Aɘ,AMhqĺñ)˷
ºȜçŇȳW]hE	?D'
A)ȾB'
A (Ito and Dechant, 2018)
Cauchy-Schwarz.ɏŶ (Crooks, 2007) ?ÉʎȻɇ (Ito, 2018; Ito and Dechant, 
2018) )̘¬!̑Ƈ.˕ų)ȜçŇȳW]h.˶,ǰ.˷º
A 
x d$yz x Qd>d$R?yz d$ ≥ tx d>d$yz d$v?             (2.14)	) ≥ ℒ?@        		      		  (2.15) 
ɏŶ/ d>?/d$? ǈ˶,·Ņ+
Ĳč,Ɨ@Ɋ%.ɏŶ/ "($) ) 3($) .ƭɄ
,Ŕ'Þ˻EA"($) ) 3($) .ƭɄ)/̑ƇEƏĕA!;B/̑Ƈ˕ų
,Ŕ'Þ˻E'
A))+A%8@Ⱥ
ǈ˶(̑ƇEA!;,/>@Ľ
.ȜçŇȳW]hEƵƝƄʘ	A)EƏĕA8!̑Ƈ.ìȣ | E 
| = ℒ?)@        		 			        (2.16) 
(	?DAB/| = 1 .)ǌ<ìȣȳ,ƭɄ'
A)EƏĕA 
 
2.3.2 l	=q
QªV?u 
âɒ,
'ŖÌ!Ɇ.p|bEƻÂʢɑ,>$'ʠ)(Ìç,
>$'̑Ƈ˕ų.ìȣ*.>,ĺñA.EǤʦ! (Ĥ 2.2)ƻÂʢɑ.ɠǚd>?/d$? ≥ 0 /ȍ!B'
! (Ĥ 2.2B)B/Ŋƻ.ɻ/̌ʺ(	A)?

A?,̑Ƈ.˕ų)ȜçŇȳW]h.˷º/ƭɄǈ˶,>$'Ɵ?B'
! (Ĥ
2.2D)B?.ɠǚ/É,Ⱦ!˷ºƻÂʢɑ,
'<Ɨ@Ɋ$'
A)EȾ
'
A8!̑Ƈ,
'/ 3%.ǳ˿9?B! (Ĥ 2.2E)Pi,Ƈɐ'
A
0–0.028(̑Ƈ˵ł. 0.02–0.1'̑ƇŽ÷. 0.1–(	AǌÜ.ǳ˿(/ìȣ | 
67 1 ˏ
Ƞƒ(ƭɄ'
Aǰ,̑Ƈ˵łBA)ìȣ®̑Ƈň
ŉŬȠƒ,ˏ&)67 0)+A 
ǰ,Pi.ßȔŸųEĺ!)CȜçŇȳW]h @ >1ɡʢȳ˴ℒ /ĺñ!ìȣ | /ĺñ+$! (Ĥ 2.3)ǌŽ,PißȔ.mJ^Ÿų
Eĺñ! (Ĥ 2.4)ȵƑȳ,/mJ^ŗB0ìȣ/̠+AƻÂʢɑ.ɠǚ
<BEăǇ'
A+?ǌÜ.ǳ˿(/ìȣ | / :* = 0.005 .)>@
21 
 
< :* = 0.05 .6̠$!ǰ.ǳ˿(/B/˒ˊ:* = 0.0005 (/?,ì
ȣ/ƌñ!.ɠǚ/̑Ƈ,
'ǌˠ+mJ^u	A)EȾĚ'
A
B?.ɠǚ/̑Ƈ˕ų.ìȣEÜ;'ȾBßȔŸų,/̒Ä(	AmJ
^Ÿų,>$'ľĺíA)Eǅ?,! 
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Ĥ 2.2 ƻÂʢɑ,>AľɸʆˁñƊ}g>1ȜçŇȳp|b.ǈ˶ȱŜ 
(A) Qj`ǿƊ "($) >1ąŏ¯|dñu 3($) .ŮĩÂQj`ǿ
Ɗ˚ȳ,ȉŘ!Ž<).u8(Ƙ$'@̑ Ƈ'
Ad>?/d$? (B) 
>1ȜçŇȳW]h @ɡʢȳ˴ ℒ>1 ℒ?/@ (C) .ǈ˶ĺñ(D) ℒ?/@ 
)ɟ˚ǈ˶).˷ºɟ˚ǈ˶ )  ℒ?/@ .Ȯ)+$'
A(E) ̑Ƈ˕ų.ì
ȣ | 
A B
C D
E
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Ĥ 2.3 ǩ+PißȔŸų,ŔAȜçŇȳp|b 
ɡʢȳ˴ ℒ (A) ȜçŇȳW]h @ (B)ℒ?/@ (C)̑Ƈ˕ų.ìȣ | (D) .
ǈ˶ĺñ 
A
B
C
D
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Ĥ 2.4 ǩ+Pi.mJ^Ÿų,ŔȂƇ˕ų.ìȣ | .ǈ˶ĺñ 
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2.4 P 
Ʊ?ɘ.ȜçŇ)ƍıű°ŇEľɸʆˁñƊ}g,ŖÌA)(̑Ƈ˕
ų)ȜçŇȳW]h.˷ºEǅ?,!ÜǑØŪGaussØŪ(	A))Langevin
ǀɅŶɨź(	A)E¦ŉ!B(<õØ,ƇȪɓģ/Ų
ÉʎȻɇ(/y
]bǀɅŶ,
'.9ʱ5?B'
! (Ito, 2018)ǔȻɇ(Ȫ
! Langevin
ǀɅŶ/˨Ǵ,Aȃ˓ħƑȹ=ĞʜɀɟɝɴÊƑąƊɝɴ+*Ų
ȨĖȥʹ,
ˠȪB'
A (Nakatani et al., 1991; Menini, 1999; Hohmann, 2002; Hazelbauer et al., 
2008; Lan et al., 2012; Shidara et al., 2017)>$'ǔȻɇ,AŉŶñ/ŭŲ
ȨĖ
ȥʹ,ˠȪA)(A"C 
ǔȻɇ,
'ľɸʆñŇˁƊ}g,Ŕ'Ʊ?ɘ.ȜçŇ)ƍıű°ŇE
ŖÌ!.}g/Ʊ?ɘ.ȜçŇEȪ
'>ʱ5?B'
A (Sartori and Tu, 
2011; Lan et al., 2012; Sartori et al., 2014; Ito and Sagawa, 2015) ̑Ƈ˕ų,˷'
/ǅ+ȘĽ
ßȔŸų=Ġƻ,>$'̑Ƈ˕ųĺñA)Ŋ̟ȳ,ȹ?B'

A (Chalasani et al., 2007; Shidara et al., 2017) !;˕ų<̑ƇEȦʠA(ˬʘ
+p|b)
A8(,̑Ƈ.˕ų,%
'}g.ǈŉƻEȪ
'ȜçŇ
ȳW]h,%
'ʷʴ+B'
A (Lan et al., 2012)ǔȻɇ,AŉŶñ
/Ĥ 2.2=Ĥ 2.4,9?BA>+ǈà.ĺñ,%
'ʷʴ(A!;ÉʎȻɇ
>@<ˈ9ˎF"ʷʴ(A>,+$! 
̑Ƈ.ìȣ/mJ^Ÿų,Ƈ'úʱȉŘA>+ɕú+˷º,/+$'
+
$! (Ĥ 2.4)½ĊƑȹ,
'mJ^,>$'.ƑųđAȽȣÏ̢)

ȥʹȹ?B'
A (Wiesenfeld and Moss, 1995; Gammaitoni et al., 1998; Anderson et 
al., 2000; McDonnell and Abbott, 2009)ȵƬȳ,˷ºAıē/+
ȽȣÏ̢/ĔǾ
ƻȟȯȳ+<.=ʕƻ.˸ÂŅĨA<.+*Ľ.Ɇ̘ıēB'
A (Stocks, 
2000; McDonnell and Abbott, 2009; Tutu, 2011) !;ǔȻɇ,
'9?B!ȥʹ/Ƚ
ȣÏ̢.Ɇ(	A<B+
 
ǔȻɇ(/ǩ+ßȔŸų>1mJ^Ÿų,Ŕ'̑Ƈ˕ų.ìȣEʱ5ß
ȔŸų,Ŕ'/̒Ä(	AmJ^Ÿų,Ŕ'/ľĺñA)EȾ!ɨ
ʋ.Ğʜąŏ,
'_Oi|e_\~(	A cGMP /Ų
ɓģ.ßȔŸų,Ŕ
'̒Ä+̑Ƈ˕ųEȾ)ȹ?B'
A (Shidara et al., 2017) )?ǔȻɇ.
ɠǚ)čɼAɠǚŊ́.Ȩ¯,
'<9?B'
A̑Ƈ˕ų,%
'/ǈŉƻ,
%
'ʷʴBA)/	AŊ̟,>$'>@ʪɝ+ʠǙEA)/̈
 (Lan 
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et al., 2012)ȟ,̑Ƈ˕ų.ìȣEŊ̟ȳ,ʱ5A)/Ģ̈"CÊƑą
ƊʌÊbpSʿE´)(ßȔŸų=mJ^ŸųEʱƼA)(A>,+
$'! (Gepner et al., 2015; Gorur-Shandilya et al., 2017; Chen et al., 2018)(
B?.ɠǚ)ǔȻɇ.ʠǙ)ɞ9čDA)(̑Ƈ,%
'>@ʪɝ,ʱ5A)
(A"C  
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 3 vJ)
,H AIY7;>§4 
3.1 c 
ȧĶmJ^,
'ƑʜÌç?ʎí8(.ƍıÖȦEȦʠA)/ɀɟ
ɂŇ.ˬʘ+ʰ̖(	AƑʜÌç,ŔAmJ^,%
'/8(,ßȔ,Ē8BA
mJ^.ŸųEĺ.ǈ.ƇɐEȌŉA)(ȦʠB'! (Faisal et al., 2008; 
Nienborg and Cumming, 2009; Renart and Machens, 2014)+?Ǔ", 1ɀ
ɟɝɴu(/D$'
+
ȘĽ
µ01ɀɟɝɴu.Ȼɇ(/ȟŉ.
ßȔ,ŔA Ca2+Ƈɐ=ɺ̉­.ĺñ,%
'/>ʱ5?B'
A (Augustine et al., 
2003; Frick et al., 2004; Losonczy et al., 2008; Destexhe, 2011; Cichon and Gan, 2015; 
Ogawa and Oka, 2015; Stuart and Spruston, 2015) șßȔȠƒ,
'ɀɟª˜Ȟ
ʿÌç*.>,ɀɟǿí,Ż̏E'
A./>D$'
+
ȟ,Ȩ¯
Ó,
'/ɀɟĠˇ.ʕ̆?Ȼɇ̈
 (Ogawa and Oka, 2015; Prešern et al., 
2015; Stuart and Spruston, 2015) 
ɨʋ Caenorhabditis elegans /ɀɟɝɴƻ 302¿)̌Ŭ,Ř+.ʠãŇ
ȳ+Ƭɣ<ǅ?,+$'@ (White et al., 1986)8!.˓ǅ?ʌÊJ|\
T).ȶƊʁ
 (Kerr and Schafer, 2006) !;șßȔȠƒ,Aɀɟª˜ȞʿÌç
)ɀɟǿí.˷ºEʱ5A.,ˠ'
Aȟ, Ĩɀɟɝɴ.%(	AAIY /Ğ
ʜĕʜȋų+*.ǩ+ƍıEƑʜɀɟɝɴ?ąĄ@  (Clark et al., 2006; 
Chalasani et al., 2007; Kuhara et al., 2011; Satoh et al., 2014).ƍıEÖȦʎí
EÞƀ'
A)ȹ?B'
A (Kocabas et al., 2012; Li et al., 2014; Satoh et al., 
2014) !;ȻɇŔʹ)'ˠ'
A.ɀɟɝɴ/Ŕ. Ĩɀɟɝɴ(Ę̔Ž
˦.ɹ˦Å,ɝɴ¯Eƥ#Ę̔EŨ>,ɀɟȧ,ɀɟɨɤE«0ɳÅ(̩%.
ɀɟɝɴR~etɠčEźƗA (White et al., 1986) (Ĥ 3.1A)8!Ƒʜɀɟɝɴ/
ƑʜÌç,Ŕ'ǻŉʴȳ+ƇɐEȾ (Clark et al., 2006; Chalasani et al., 2007; Kato 
et al., 2014; Tsukada et al., 2016) .,ŔAIY/ļ˦ßȔ+'<ƺȱȳ+ Ca2+Ƈ
ɐEȾ (Clark et al., 2006; Chalasani et al., 2007)Tbz˩ąŏ¯ǯƲĺȯ¯EȪ

!Ŋ̟>1Ƒʜɀɟɝɴ.ȼĸŊ̟,>$'ļ˦ßȔ,ŔA AIY. Ca2+Ƈɐ9
?B++A (Clark et al., 2006; Chalasani et al., 2007).)?șßȔȠƒ,

'9?BA AIY.ƺȱȳ+ Ca2+Ƈɐ<ļȮ.mJ^,>AƑʜÌçEɡč!ɠǚȱ
ȨA.(/+
)ƭőBA 
ǔȻɇ(/ʕƻ.ďǈʌÊJ|\TǽEɞ9čDA)(in vivoɘ,
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AșßȔȠƒ(. AIY .Ì×ç˷ºEǅ?,!8AIY . Ca2+ƇɐE AIY
.×ç)9+'>
EȽʬA!;,ɺ̉­) Ca2+.ďǈJ|\T,>$'
B?ďǈ,˂@Ca2+ƇɐE AIY.×ç)9+'>
)EȽ;!ǰ,ï

(	AJaHzHW (IAA) EƑʜÌçEĺñAßȔ)'Ȫ
ï
Ņ
Ĩ̌ŅĨ,
'ɀɟª˜Ȟʿ(	ATbz˩Ìç) Ca2+ƇɐEďǈ,Ȍŉ
!.ɠǚï
.ǎș,D?Ca2+Ƈɐ/Tbz˩ÌçȉŘ'
A
),@8!˒,Tbz˩ÌçȉŘ'
A), Ca2+Ƈɐ/Ǆ!
?,Tbz˩ąŏ¯>1Tbz˩čƗɟˇǯƲĺȯ¯EȪ
'ďǩ.Ȍŉ
EA)(Tbz˩.ȥʹ Ca2+ƇɐEŷ˂'
A)Eǅ?,!
.ɠǚ/șßȔȠƒ. in vivo ɘ,
'Ì×ç˷ºEʠǅ!/;'.µ(	A
Tbz˩Ìç/Ƒʜɀɟɝɴ?×çB'@8!AIY. Ca2+Ƈɐ/ʎí)ȶ
˷A) (Li et al., 2014) ?B?.ɠǚ/ɻțȠƒ,AʎíEʯǅA
Ɍ,+A 
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3.2 ao 
3.2.1 j¬g/ 
ɨʋ/ľɸʆ Escherichia coli OP 50ǝĴŪB! NGM (nematode growth 
medium) HP( 20°C (̙ɲ! (Brenner, 1974)5'.Ŋ̟,/̅̂ď¯EȪ

!8!ˣ ªńƶĺǝ/˭Ȩǝ N2>1 RB594 glc-3 (ok321) Vĺȯ¯MT6308 eat-4 
(ky5) IIIĺȯ¯,Ŕ't]zi DNAEyJSJ\LS[,>$'²ʔ!
N\j.ǝ,%
'/ Caenorhabditis Genetics Center (CGC) ?Ąſ!Ŋ̟
,´Ȫ!ˣªńƶĺǝ/ǰ.)@(	A: okaEx5[pttx-3::iGluSnFR, 50 ng/µL + 
pttx-3::R-GECO1, 50 ng/µL]okaEx6[pttx-3::ArcLight, 50 ng/µL + pttx-3::R-GECO1, 50 
ng/µL]okaEx10[pttx-3::GCaMP6, 50 ng/µL + pttx-3::dimer2, 50 ng/µL]okaEx15; glc-3 
(ok321) X [pttx-3::iGluSnFR, 50 ng/µL + pttx-3::R-GECO1, 40 ng/µL + punc-122::dsRed, 
15 ng/µL]okaEx16; eat-4 (ky5) X [pttx-3::iGluSnFR, 50 ng/µL + pttx-3::R-GECO1, 40 
ng/µL + punc-122::dsRed 15 ng/µL] 
 
3.2.2 &#&x$ DNA 
bpSʿĪɺ̉­_YArcLight EȱȥA!;,C. elegans Codon 
Adapter (Redemann et al., 2011) EȪ
'ɨʋȪ,WiǌˠñE+
ÍčƗ
! (Integrated DNA Technologies Genes)Wiǌˠñ! ArcLight/ GatewaygI
]fIl[uSb (Thermo Fisher Scientific) ,ɞ9ˎF".¡.ȱȥb
pSʿȪ.GatewaygI]fIl[uSb)ɀɟȟȯȳȱȥ.!;.t}b
ȪGatewayMhuSb (Thermo Fisher Scientific) /ðƤĪɷɂŇȻɇƭ˘Ƶư
lehS>@Ąſ!GatewaygI]fIl[uSb) GatewayMh
uSbEȪ
'Gateway LRăƇ,>$'J\LS[Ȫt]zi DNAE²
ʔ! 
 
3.2.3 9sr!'& 
ɀɟɝɴ.Ǩ˖EȽʬA!;.ÏγȘȭÇ (Ĥ 3.1A3.2A) /ÁɊĪ̗Ɓ˳ 
(IX81, Olympus) ,)@%!ÏγȘZ̗Ɓ˳[]f{  (FluoView FV1000, 
Olympus)>1 40ÀǼȃ^ (UPLFLN 40XO, Olympus) EȪ
'ƴŻ!ɨʋ/
20 mM .H\ñjhK{ȑȅ,ȃ!Ž1%.®ʍȘHP]V (UltraPure, 
Invitrogen) (ĥŉ!ArcLight>1 iGluSnFR,%
'/ 488 nm(ë˂500–545 
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nmEǤ×R-GECO,%
'/ 559 nm(ë˂570–670 nmEǤ×! 
 
3.2.4 Ca2+%&¤©1!'& 
Ca2+ƑąƊˀʂʌÊbpSʿ R-GECO1 (Zhao et al., 2011)Ca2+ƑąƊɦʂb
pSʿ G-CaMP6 (Ohkura et al., 2012) >1 dimer 2 (Campbell et al., 2002) (rG
]ȪRFP)Tbz˩ƑąƊɦʂʌÊbpSʿ iGluSnFR (Marvin et al., 2013)
ɺ̉­ƑąƊɦʂʌÊbpSʿArcLight (Jin et al., 2012) .ɨʋɀɟɝɴ?.ƇɐE
yJSȀ¯goJ] (Chronis et al., 2007) EȪ
'Ȍŉ!.yJSȀ¯goJ
]/ɨʋEĥŉ!(ï
ßȔ.ǎșE¨Ə.bJzT(Ù@ǋ?BA<.(	
Aɨʋ4.ßȔ,/S-basaloerG) S-basaloerG(ū˪! IAAȑȅ (9.2 × 
10-4 mol/L) EȪ
!Ca2+)Tbz˩.ďǈJ|\T(/ɨʋE 60Ƀ˶ S-basal
oerG.Ž 60Ƀ˶ IAAȑȅǰ,Ô1 60Ƀ˶ S-basaloerG(ßȔ! (Ĥ
3.3B)Ca2+)ɺ̉­.ďǈJ|\T(/S-basaloerG? IAAȑȅ,Ù@ǋ
!bJzT( 70 Ƀ˶Ȍŉ!ï
șßȔǕ§,
'/Ù@ǋ, 70 Ƀ˶Ȍ
ŉ!ʌÊʖʂ.Ż̏EˤA!;,Ž÷. 60Ƀ˶.9EʠǙ,Ȫ
!Ca2+)Tb
z˩J|\T(/Ąſ>1̊Ê˶̀/ 100 msCa2+)ɺ̉­J|\T(/ 20 
ms(ƴŻE!ƴŻ,/ÁɊĪ̗Ɓ˳ (IX71, Olympus) E 'LEDÊȎ (SOLA, 
Lumencor) >1 3CCDO| (C7800-20, Hamamatsu Photonics) EȪ
!ȭÇ.Ą
ſ,/ AQUACOSMOS (Hamamatsu Photonics) EȪ
20À^ (UCPLFLN 20X, 
Olympus) E1.6 À^{^E 'ʎ+$!8!BrightLine GFP/DSRED-A 
(Semrock) QsE´Ȫ!ArcLight.ʌÊ/ɶØǦǈ,ȉŘR-GECO.ʌÊ/
Ca2+Ǆǈ,ķéA!;Ĥ 3.1B3.1C.ɺ̉­ĺñ/ R-GECO?.ʌÊȒBˎ9
.Ż̏/+
8!Ĥ 3.1B. ArcLight.ɠǚ.ǄÆđ/ʌÊʖʂ,>AŻ̏(	@
	DF/F0 (ʑʣ'
A),˂ġA8!í,>AŻ̏E+!;,H_d
Wąŏ¯.HXk]h(	A levamisole (2 mM) EȪ
!levamisole/ AIY. Ca2+
Ƈɐ.̕ų,/Ż̏E+
)/â,Ƚʬ! (Ĥ 3.7) 
 
3.2.5 y6h 
ȭÇʠǙ,/ÉʎȻɇ,
'²ƗB!MATLAB (MathWorks) (ǊB!÷ɻíñ
!tT{EȪ
! (Shidara et al., 2017)˷ƃ̓ĭ/ʌÊŸų)ɝɴ.źƒȳȟƂ
?ƛí(ǻŉ! (Ĥ 3.1A3.2A)ÉʎȻɇ>@AIY /ɝɴ¯(/ Ca2+Ƈɐ/$
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@)ȽʬB+
)D$'
A (Clark et al., 2006; Chalasani et al., 2007) !;
Ca2+>1Tbz˩Ìç,
'AIY .ɀɟɉ˂?gbEĄſ!5'.
ʌÊŸųgb/ǌÜ. 2Ƀ˶.ŮĩEȪ
'∆F/FEʢɑʚǞñ! 
 
3.2.6 'h|.kN 
ŔƇ.	A t-test>1Welch. t-test,/ Excel 2011. TTEST˷ƻPearsonȶ˷º
ƻ,/ Python 3 (version 3.7.0) . SciPyJs (version 1.1.0) . stats.pearsonr˷
ƻFisher.ǱȽȽȣǤŉ,/ R (version 3.4.3) . fisher.test˷ƻWilcoxon.ɍĊ̑
­Ǥŉ>1Wilcoxon.̑­ėǤŉ,/B B R (version 3.4.3) . coinpeU\.
wilcoxsign_test˷ƻ (exactNt[)coinpeU\. wilcox_test˷ƻ (exactNt
[) EB BȪ
!ǱʚØŪ¦ŉ(A<.,%
'/p|heS+Ǥŉǽ
E(+
<.,%
'/mp|heS+ǤŉǽEȪ
! 
Ĥ 3.1C . Ca2+Ƈɐ>1ɺ̉­ĺñ/Žː.>, Ca2+ƇɐEơ×A)(
²Ɨ!Ĥ 3.1D3.1E.ɺ̉­Ƈɐ.ľ/Ĥ 3.1C.−0.5Ƀ?+0.5Ƀ.ǌľÂ
?−1Ƀ?−2Ƀ.ŮĩÂEŷ
!Â(	ACa2+Ƈɐ/+0.5Ƀ?+1.5Ƀ.ǌľÂ?
−1Ƀ? 0Ƀ.ŮĩÂEŷ
!Â(	A 
Ĥ 3.2C (Ť) /ï
ȇéȵŽ 20Ƀ˶.ŮĩÂĤ 3.2C (ĉ) /ï
˽ÿȵŽ 20Ƀ
˶.ŮĩÂ(	A 
Ĥ 3.3–3.6,
'ï
ßȔǕ§EâǑ (early odor) >1ŽǑ (later odor) ,
Ø!âǑ/ï
ȇéŽ 10Ƀ˶(ŽǑ/ȇéŽ 10Ƀ? 60Ƀ(	A (Ĥ 3.3B)ï

ȇéȵŽTbz˩ˮȉŘ10ɃɅų(ŉŬ,+A (Ĥ 3.2.B) !;.>
,óØ! 
8!Ĥ 3.33.53.6(/ Ca2+Ƈɐ.ǎș,>$'ĲčØ!Žː.ǀǽ(
ſ?B! Ca2+Ƈɐ,Ē8B'
+
ó˶E Ca2+Ƈɐș
ó˶)!Ĥ 3.3C (/5
'.Tbz˩gbEǈà0(Â0,+A>,ŮʎɄí!Ca2+Ƈɐâ (Ĥ3.3D
pre) /Ĥ 3.3C.−3Ƀ?−2Ƀ.ŮĩÂCa2+Ƈɐ (Ĥ 3.3Donset) /−0.5Ƀ?+0.5
Ƀ.ŮĩÂ(	AĤ 3.3E3.3F.Tbz˩ȉŘˮ/Ĥ 3.3D. Ca2+Ƈɐâ.Â?
Ƈɐ.ÂEŷ
!Â(	AĤ 3.3E. Ca2+ķéˮ/Ĥ 3.3C. 2Ƀ? 3Ƀ.ŮĩÂ
?−1Ƀ? 0Ƀ.ŮĩÂEŷ
!Â(	A 
Ĥ 3.4A.Tbz˩ȉŘǈ.Ca2+Ƈɐ/ʣ.>,Ąſ!5'.Ca2+
Ƈɐ/ǈà 0 ( 0 ,+A>,Ʉí!Ĥ 3.4B .Ƈɐâ (pre) )Ƈɐ (onset) /Ĥ
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3.3D )ďǩ,ʢɑ!Ĥ 3.4C3.4D .c{ˢƠgb/ʣ.>,Ąſ!
Ĥ 3.4D. Ca2+Ǆˮ/Ĥ 3.4B.Ƈɐ.Â?Ƈɐâ.ÂEŷ)(ɑ×! 
Ĥ 3.5B .Tbz˩Ìç.ŮĩÂ/Ĥ 3.2C )ďǩ,ʢɑ!Ĥ 3.5C–3.5E
/Ĥ 3.3C3.3D>1Ĥ 3.3F)ďǩ,ʢɑ! 
Ĥ 3.6B .Tbz˩Ìç.ŮĩÂ/Ĥ 3.2C )ďǩ,ʢɑ!ï
,ŔA
Ca2+Ƈɐȣ (Ĥ 3.6C) /ï
ȇéŽ 10Ƀ˶(.Ƈɐ.ǎș?ɑ×!Ĥ 3.6D. Ca2+
Ƈɐ̕ų/ï
ȇéŽ10Ƀ? 60Ƀ.˶.Ca2+ƇɐƻEƻA)(ʢɑ!Ĥ3.5C–
3.5E/Ĥ 3.3C3.3D>1Ĥ 3.3F)ďǩ,ʢɑ! 
 
3.2.7 Ca2+V%&¤7>pR'\; 
Ca2+ƇɐEơ×A!;,Ca2+gb.ǌÜ? 5ɃŽ.Ș?âŽB B 5
Ƀ˶.ŮĩÂEʢɑ!5ɃŽ.ŮĩÂ 5ɃŽ.ŮĩÂ+5Ƀâ.ǫȏÃŦ. 3À>@
ľ$!Ĳčȴʛ(ȽʬŽCa2+Ƈɐ˵łȘ(	A)!Tbz˩ȉŘEơ×
A!;,ďǩ,'5Ƀ˶.ŮĩÂEʢɑ.Ŧ˸Â (0.025Ĥ 3.3F>@ǻ
ŉ) >@<ľ$!Ĳč.ȘETbz˩ȉŘȘ)!Ca2+Ƈɐ>1Tbz
˩ȉŘ,%
'âŽ 5 Ƀ˶EˬʕEʥ,ơ×!Ca2+Ƈɐ,%
'ơ×B
+$!ȘE Ca2+Ƈɐ'+
Ș)! 
Ĥ 3.7 ,%
'/levamisole .ǎș,>$'[TjmJ^Ƕȯ+A!;
Ca2+Ƈɐƻ/ȴʛ(Ȍŉ!Ĥ 3.7B (/ 70 Ƀ? 120 ɃĤ 3.7C (/ 60 Ƀ? 70
Ƀ. Ca2+ƇɐƻEʢȌ! 
 
3.2.8 $& £[' 
Ĥ 3.4C3.4D (Ȫ
!c{ˢƠgb/ Python . NumPy Js 
(version 1.15.2) . random.randint˷ƻEȪ
'ˢƠȘ?âŽ 5ɃEơ×![i
/ʢɑǈ.ǈàEȪ
'ÜǑñ! 
  
36 
 
3.3 i 
3.3.1 AIY
©1KA Ca2+V 
ǔȻɇ(/ȧĶmJ^(.Ì×ç˷º.ŉˮ,
'ɨʋ. AIY  Ĩɀɟ
ɝɴ,ȸȴ!AIY /ǩ+Ƒʜɀɟɝɴ?Tbz˩ÌçEąĄ$'@8
!ƺȱȳ+ Ca2+Ƈɐ (Ca2+ spike) EȾ)ȹ?B'
A(Clark et al., 2006; 
Chalasani et al., 2007)ɨʋɀɟɝɴ,/ɺ̉­·ŅƊ Na+d~l+
)?
Ca2+ɺ̉­ĺñ.ýġ(	A)ɭ?B'
A (Goodman et al., 1998; Faumont et 
al., 2006, 2011; Mellem et al., 2008; Gao and Zhen, 2011; Shidara et al., 2013)ˏůƑ
ʜɀɟɝɴ,
']pJSǩɺ̉­ĺñ,/̉­·ŅƊ Ca2+d~lƄʘ(	A
)ȾB! (Liu et al., 2018; Shindou et al., 2019) )?<B/ƵƥBAAIY
/ʎíEÞƀA)ȹ?B'@ (Li et al., 2014)Bɺ̉­ĺñ,>A<.(	
A)ƭőB'
A+?AIY,A Ca2+Ƈɐ)ɺ̉­ĺñ.˷º/Ǔ",
ǅ+ȘĽ
 (Liu et al., 2009, 2018; Shidara et al., 2013)(ɺ̉­ƑąƊɦʂ
ʌÊbpSʿ(	A ArcLight (Jin et al., 2012) >1 Ca2+ƑąƊˀʂʌÊbpSʿ
R-GECO (Zhao et al., 2011) EȪ
'ďǈʌÊJ|\TE+$! (Ĥ 3.1A)Éʎ
Ȼɇ,
'ƎB! (Faumont et al., 2012) >,Ca2+Ƈɐ)̘¬!]pJSǩ
ɺ̉­ĺñʞőB (Ĥ 3.1B).bJzT/ Ca2+Ƈɐ)67ďǈ"$!8!É
ʎȻɇ)ďǩ, (Shidara et al., 2013)Ca2+ƇɐʞőB&?
ɝɴ¯,
'<Ƈɐ
EȽʬA)(! 
ɺ̉­ĺñ) Ca2+Ƈɐ.˷ºEʪɝ,ʱ5A!;,¿.ƇɐEĄſ! (Ĥ
3.1C).ɠǚ=/@ɺ̉­ĺñ/ Ca2+Ƈɐ)67ďǈ,$'@ (Ĥ 3.1C)
B?.ƇɐŸų/ï
ȇé,>$'ĺñ+$! (Ĥ 3.1D)8!ɺ̉­ĺñ.ľ
) Ca2+Ƈɐ.ľ,%
'<ȶ˷/9?B+$! (Ĥ 3.1E)B?.ɠǚ>@¥Ž
.ʠǙ(/Ca2+Ƈɐ/ AIY.×ç)9+ 
 
3.3.2 AIY
@=q
Q%&¤7> Ca2+V 
AIY  Ĩɀɟɝɴ/Ɇ.Ƒʜɀɟɝɴ?Tbz˩EąĄ$'@
B?Eɡč' Ca2+ƇɐEȾ'
A)ɭ?B'
A (Clark et al., 2006; Chalasani 
et al., 2007)Tbz˩/ĕʜĞʜȋųƑʜɀɟɝɴ?ąĄ$'@ (White et 
al., 1986; Clark et al., 2006; Chalasani et al., 2007; Satoh et al., 2014)AIY/ǅȽ+ļ
˦ßȔ+,ƺȱȳ+ Ca2+ƇɐEȾ.)?Śƙ.ȋųĕʜȞʿȕųï
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Ȟʿȕų.ĺñ+*.ȧĶmJ^E AIY ,ŔATbz˩Ìç	?D'
A)ɭ
?BAAIY /ƟÞƊ.Tbz˩ÌçETbz˩²íƊ Cl-d~l GLC-3 E
 'ąĄ@ GLC-3 (Horoszok et al., 2001; Clark et al., 2006; Serrano-Saiz et al., 
2013)ï
ßȔ,>@ƑʜɀɟɝɴTbz˩Ʒ×EȉŘA)( AIY / Ca2+
ƇɐEȾ (Chalasani et al., 2007; Ventimiglia and Bargmann, 2017)GLC-3d~l
ǯƲĺȯ¯=Tbz˩čƗɟˇǯƲĺȯ¯,
'ï
,ŔA AIY. Ca2+Ƈɐ/
9?B++A (Chalasani et al., 2007).)?<AIY.ƺȱȳ+ Ca2+Ƈɐ/ȧ
ĶmJ^,>$'ʭŖBATbz˩Ìç.ĺñ,>$'Ȩ'
A)ɭ?BA
(AIY,ŔATbz˩Ìç) Ca2+ƇɐETbz˩ƑąƊɦʂʌÊbp
Sʿ iGluSnFR (Marvin et al., 2013) )Ca2+ƑąƊˀʂʌÊbpSʿR-GECO (Zhao et 
al., 2011) E AIY,ȱȥA)(ďǈ,Ȍŉ! (Ĥ 3.2). 
ÉʎȻɇ,>@ï
 (JaHzHWIAA) ßȔ,>@Tbz˩Ì
çĺñA)ȾĚB'
A (Chalasani et al., 2007) !;IAAEļ˦ȧĶEĺñ
A!;,Ȫ
!Tbz˩Ìç/ǻŉʴȳ,ï
ȇé,>@ȉŘï
˽ÿ
,>@˚ȳ,ķé! (Ĥ 3.2B).Ƈɐ/Ƒʜɀɟɝɴ.Ƈɐ)ŔƇ'
A 
(Chalasani et al., 2007; Shidara et al., 2017)ǀCa2+Ƈɐ/ÉʎȻɇ.ıē*@ 
(Chalasani et al., 2007)ï
.ǎș,D?ʞőB!8!ï
ȇé,>@
.ȵŽCa2+ƇɐʭŖB! (Ĥ 3.6CN2)B/ï
ȇé,>ATbz˩.ȉ
Ř Ca2+ƇɐEʭŖ'
A)EȾĚ'
A 
 
3.3.3 AIY
%&¤7>pR Ca2+(b 
ï
ßȔ,ŔATbz˩Ìç) Ca2+ƇɐEʞőA)Tbz˩Ìç
ȉŘ!), Ca2+Ƈɐ˂$'
A>,9! (Ĥ 3.3A)>@ʪɝ,ʱ5A!;
,ï
ș (no odor)ï
ßȔâǑ (early odor)ï
ßȔŽǑ (later odor) . 3Ǖ§
,Ø̘ (Ĥ 3.3B)B B.Ǖ§,
' Ca2+Ƈɐ˵łâŽ.Tbz˩ƇɐEĄſ
! (Ĥ 3.3C).ɠǚ*.Ǖ§,
'< Ca2+Ƈɐ˵łâ)Ƕ5˵łǈ,/Tb
z˩Ìç/ȉŘ'
! (Ĥ 3.3D)Tbz˩ÌçȉŘˮ) Ca2+Ƈɐ.ľ
,/ȶ˷/+$! (Ĥ 3.3E)8!Ca2+Ƈɐ.ǎș(Ƕˌ!Ĳčï
.ǎș,
D? Ca2+ƇɐŅĨ(/Tbz˩ÌçǎƏ,ȉŘ'
! (Ĥ 3.3F)B?.
ɠǚ/Tbz˩Ìç.ȉŘ,>$' Ca2+Ƈɐŷ˂BA)EȾĚ'
A 
Tbz˩Ìç.ȉŘǔŹ, Ca2+ǄEŷ˂.*EȽʬA!
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;,Tbz˩ÌçȉŘâŽ. Ca2+ƇɐEĄſ! (Ĥ 3.4).ɠǚï
.ǎș
,˷D?Tbz˩ȉŘǈ,ǎƏ, Ca2+/Ǆ! (Ĥ 3.4B)?,c{ˢ
Ơgb)Ƕˌ!Ĳč.Ǆ/ǎƏ,ľ$! (Ĥ 3.4C3.4D)B?.ɠǚ
?Tbz˩ȉŘ, Ca2+ƇɐǄ'
A)ȾB! 
 
3.3.4 GLC-3DO2 Ca2+V 
B8(,Tbz˩ȉŘǈ, Ca2+Ǆ8!.˒<Ɨ@Ɋ%)E
Ⱦ!ÉʎȻɇ>@Tbz˩²íƊ Cl-d~lƑʜßȔ,ŔA Ca2+,ˬʘ(
	A)D$'
A (Horoszok et al., 2001; Chalasani et al., 2007; Ohnishi et al., 
2011; Aoki et al., 2017)(GLC-3ǯƲĺȯ¯EȪ
'ďǩ.Ŋ̟E+$! (Ĥ
3.5).ɠǚTbz˩Ìç/˭ȨĪ (N2) )ďǩ.ï
ƇɐEȾ! (Ĥ 3.5A
3.5B) Ca2+Ƈɐ/ȉŘAÆđ9?B! (Ĥ 3.6Cglc-3)ǀCa2+Ƈɐ̕ų,%

'/ï
.ǎș,˷D?ȉŘ! (Ĥ 3.6Dglc-3)ǰ,Ca2+ƇɐâŽ.Tbz
˩ÌçEĄſ!ɠǚ (Ĥ 3.5C)ï
ŅĨ(/ȉŘÆđ9?B+$!ï
+

Ǖ§(/ǎƏ,ȉŘ! (Ĥ 3.5D)AIY/£ʵĪTbz˩ąŏ¯(	AMGL-1<
ȱȥ'
A (Kang and Avery, 2009; Jeong and Paik, 2017) !;.ąŏ¯ Ca2+Ƈ
ɐ,°?.żæEƥ$'
AĈɵƊ	AB?.ɠǚ/GLC-3 ąŏ¯E !T
bz˩Ìç.ȉŘ Ca2+Ƈɐ,ˬʘ(	A)EȾ'
A 
 
3.3.5 %&¤FZm^Kz2
 Ca2+V 
ǰ,Tbz˩čƗǯƲĺȯ¯(	A eat-4ǝEȪ
'Ŋ̟E+$! (Ĥ 3.6)
EAT-4 /ŗɴĪTbz˩h]xb.Ɇ(.ǯƲǝ/Tbz˩,>
Aɀɟª˜ǯƲA (Lee et al., 1999; Chalasani et al., 2007)EAT-4ǯƲĺȯ¯(/
Tbz˩Ìç.ï
Ƈɐ/9?B++$! (Ĥ 3.6A3.6B)?,˭ȨĪ)Ƕˌ
'ï
ȇé,>A Ca2+Ƈɐ/9?B++@ (Ĥ 3.6A)ï
.ǎș,˷D?ƺȱȳ
+ Ca2+Ƈɐ<6)F*+$! (Ĥ 3.6B)ǰ,Ca2+Ƈɐ˵łâŽ.Tbz˩ÌçE
Ąſ!ɠǚ (Ĥ 3.6E)Tbz˩Ìç.ȉŘ/9?B+$! (Ĥ 3.6F)Tbz
˩Ìç.ȉŘ,%
'<Ca2+.ǎș,˷D?Ŧ/+$! (Ĥ 3.6G)B?.ɠ
ǚ?AIY. Ca2+ƇɐTbz˩Ìç.Ʊ?,>AȉŘ,>$'ŷ˂B
A)ǅ?,+$! 
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Ĥ 3.1 AIY,Aɺ̉­) Ca2+.ďǈJ|\T 
(A) AIY ,ȱȥ!ɺ̉­_YArcLight (ɦŤ) >1 Ca2+_Y
R-GECO (y`b) .ÏγȘ̗Ɓ˳,>AʌÊȭÇ>1.ˬ-čDȭÇ 
(ĉ)]Uo/ 10 µmA: âǀP: ŽǀL: ŤÅR: ĉÅ(B) £ʑȳ+
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ɝɴ¯ (Ťsoma) >1ɀɟɉ˂ (ĉneurite) ,A Ca2+Ƈɐ (ˀ) )ɺ̉
­ĺñ (̤)(C) șßȔ (Ť) >1ï
ßȔ (ĉ) ,AŮĩ! Ca2+Ƈɐ 
(ˀ) >1 ɺ̉­Ƈɐ (̤)Ż/ǫȏʮŦE	?D (șßȔ: N = 20n = 16
ï
ßȔ: N = 10n = 15)(D) șßȔ (ʂ+) >1 ï
ßȔ (ʂ¢) ,
Aɺ̉­Ƈɐ.ľ (̤) ) Ca2+Ƈɐ.ľ (ˀ)ɡʢˮ/¥.)@
(	Aɺ̉­p = 0.38Ca2+p = 0.85 (ŔƇ.	A t-testșßȔ: N = 20n = 
16ï
ßȔ: N = 10n = 15)(E) Ca2+Ƈɐ)ɺ̉­Ƈɐ.ľ.ȶ˷qS
șßȔˀğʟï
ßȔ(.ƇɐEȾɡʢˮ/¥.˔@(	Aș
ßȔ: Pearsonȶ˷ºƻ = −0.19p = 0.48ï
ßȔ: Pearsonȶ˷ºƻ = −0.40
p = 0.14 (șßȔ: N = 20n = 16ï
ßȔ: N = 10n = 15) 
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Ĥ 3.2 AIY,ATbz˩Ìç) Ca2+.ďǈJ|\T 
(A) AIY,ȱȥ!Tbz˩_YiGluSnFR (ɦŤ) >1 Ca2+_Y
R-GECO (y`b) .ÏγȘ̗Ɓ˳,>AʌÊȭÇ>1.ˬ-čDȭ
Ç (ĉ)]Uo/ 10 µmA: âǀP: ŽǀL: ŤÅR: ĉÅ(B) Ůĩ
!ï
,ŔATbz˩Ìç (̋) >1 Ca2+Ƈɐ (ˀ)Ż/ǫȏʮŦE	
?D(C) Ůĩ!ï
ȇéâŽ (pre-addition >1 post-addition) .Tb
z˩Ƈɐ (Ť) >1ï
˽ÿâŽ (pre-removal>1 post-removal) .T
bz˩Ƈɐ (ĉ)ɡʢˮ/¥,Ⱦ)@(	AŤ: p = 0.00010ĉp = 
0.000086 (ŔƇ.	A t-testN = 15***p < 0.001)  
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Ĥ 3.3 Ca2+Ƈɐǈ.Tbz˩Ìç 
(A) £ʑȳ+Tbz˩Ìç (̋) >1 Ca2+Ƈɐ (ˀ)ĉ/Șɨ˦Ø.ƣľĤ
(	AŻ/ï
 (IAA) ßȔE	?D(B) Ƈɐ.Ø̘șßȔ (no odor)ï

âǑ (early odor) >1 ï
ŽǑ (later odor) ,Ø̘!(C) Ca2+Ƈɐǈ.Ů
ĩ!Tbz˩Ìçɜ̋>1ɦɨ/B BșßȔï
âǑï
Ž
Ǒ(.Tbz˩ÌçE	?DMo/ǫȏʮŦE	?D (N = 15
șßȔ: n = 15ï
âǑ: n = 11ï
ŽǑ: n = 21)(D) Ca2+Ƈɐâ)Ƈɐ.T
bz˩ÌçƇɐâ (pre) / C.−3Ƀ?−2Ƀ.ŮĩÂE	?DƇɐ
 (onset) /−0.5Ƀ?+0.5Ƀ.ŮĩÂE	?Dɡʢˮ/¥.)@(	A
șßȔ: p = 0.010ï
âǑp = 0.0024ï
ŽǑ: p = 0.0037 (ŔƇ.	A t-test
N = 15șßȔ: n = 15ï
âǑ: n = 11ï
ŽǑ: n = 21*p < 0.05, **p < 0.01)
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(E) Tbz˩ÌçȉŘˮ) Ca2+ķéˮ.ȶ˷ɜ̋ğʟ>1ɦʟ/
B BșßȔï
âǑï
ŽǑ.ƇɐEȾɡʢˮ/¥.)@(	A
șßȔ: Pearsonȶ˷ºƻ = 0.58p = 0.022ï
âǑ: Pearsonȶ˷ºƻ = 0.080
p = 0.81ï
ŽǑ: Pearsonȶ˷ºƻ = 0.069p = 0.77 (N = 15șßȔ: n = 15
ï
âǑ: n = 11ï
ŽǑ: n = 21)(F) Ca2+Ƈɐ	AĲč (ʂ¢) )+
Ĳč 
(ʂ+) .Tbz˩Ìç.ȉŘɡʢˮ/ǰ.)@(	AșßȔ: p = 
0.0062ï
ŽǑ: p = 0.037 (Welch. t-testN = 15șßȔCa2+Ƈɐ	@: n = 
15șßȔCa2+Ƈɐ+: n = 89ï
ŽǑCa2+Ƈɐ	@: n = 21ï
ŽǑ
Ca2+Ƈɐ	@: n = 69*p < 0.05**p < 0.01) 
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Ĥ 3.4 Tbz˩ÌçȉŘǈ. Ca2+Ƈɐ 
(A) Tbz˩ÌçȉŘǈ. Ca2+Ƈɐˀ>1N\ɨ/B BșßȔ
>1ï
ŽǑ,AƇɐE	?DMo/ǫȏʮŦE	?D (N = 15
șßȔ: n = 43ï
ŽǑ: n = 61)(B) Tbz˩ÌçȉŘâ (preA.−3Ƀ
?−2Ƀ.ŮĩÂ) )Ƈɐ (onsetA.−0.5Ƀ?+0.5Ƀ.ŮĩÂ) . Ca2+Ƈ
ɐɡʢˮ/ǰ.)@(	AșßȔ: p = 0.014ï
ŽǑ: p = 0.014 (ŔƇ.	
A t-testN = 15șßȔ: n = 43ï
ŽǑ: n = 61*p < 0.05)(C) șßȔ (Ť) 
>1ï
ßȔ (ĉ) .,ATbz˩ȉŘǈ. Ca2+Ƈɐȗɨ/c
{ˢƠgb± ǫȏÃŦE	?D(D) Tbz˩ȉŘǈ (ʂ¢) >1
c{ˢƠgb (ʂ+) . Ca2+ķéɡʢˮ/¥.)@(	AșßȔ: p = 
0.045ï
ŽǑ: p = 0.0015 (Wilcoxon.̑­ėǤŉN = 15șßȔȉŘǈ: n = 
43șßȔc{: n = 100ï
ŽǑCa2+Ƈɐ	@: n = 61ï
ŽǑCa2+
Ƈɐ	@: n = 100*p < 0.05**p < 0.01)  
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Ĥ 3.5 GLC-3ąŏ¯ǯƲĺȯ¯,A Ca2+Ƈɐǈ.Tbz˩Ìç 
(A) Ůĩ!ï
,ŔATbz˩Ìç (̋) >1 Ca2+Ƈɐ (ˀ)Ż/ǫȏ
ʮŦE	?D  (N = 12)(B) Ůĩ!ï
ȇéâŽ  (pre-addition >1
post-addition) .Tbz˩Ƈɐ (Ť) >1ï
˽ÿâŽ (pre-removal>
1 post-removal) .Tbz˩Ƈɐ (ĉ)ɡʢˮ/¥,Ⱦ)@(	AŤ: 
p = 0.0030ĉp = 0.0018 (ŔƇ.	A t-testN = 12***p < 0.01)(C) Ca2+Ƈ
ɐǈ.Ůĩ!Tbz˩Ìçɜ̋ >1ɦɨ/B BșßȔï
âǑ
ï
ŽǑ(.Tbz˩ÌçE	?DMo/ǫȏʮŦE	?D (N = 
12șßȔ: n = 15ï
âǑ: n = 6ï
ŽǑ: n = 20)(D) Ca2+Ƈɐâ)Ƈɐ
.Tbz˩ÌçƇɐâ (pre) / C.−3Ƀ?−2Ƀ.ŮĩÂE	?D
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Ƈɐ (onset) /−0.5Ƀ?+0.5Ƀ.ŮĩÂE	?Dɡʢˮ/¥.)@(
	AșßȔ: p = 0.0012ï
âǑp = 0.65ï
ŽǑ: p = 0.89 (ŔƇ.	A t-test
N = 12șßȔ: n = 15ï
âǑ: n = 6ï
ŽǑ: n = 20**p < 0.01)(E) Ca2+
Ƈɐ	AĲč (ʂ¢) )+
Ĳč (ʂ+) .Tbz˩Ìç.ȉŘɡʢˮ
/ǰ.)@(	AșßȔ: p = 0.0027ï
ŽǑ: p = 0.58 (Welch. t-testN = 
12șßȔCa2+Ƈɐ	@: n = 15șßȔCa2+Ƈɐ+: n = 114ï
ŽǑ
Ca2+Ƈɐ	@: n = 20ï
ŽǑCa2+Ƈɐ	@: n = 82**p < 0.01) 
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Ĥ 3.6 EAT-4ǯƲĺȯ¯,A Ca2+Ƈɐǈ.Tbz˩Ìç 
(A) Ůĩ!ï
,ŔATbz˩Ìç (̋) >1 Ca2+Ƈɐ (ˀ)Ż/ǫȏ
ʮŦE	?D  (N = 12)(B) Ůĩ!ï
ȇéâŽ  (pre-addition >1
post-addition) .Tbz˩Ƈɐ (Ť) >1ï
˽ÿâŽ (pre-removal>
1 post-removal) .Tbz˩Ƈɐ (ĉ)ɡʢˮ/¥,Ⱦ)@(	AŤ: 
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p = 0.41ĉp = 0.055 (ŔƇ.	A t-testN = 12)(C) ï
ȇéǈ. Ca2+Ƈɐ
ȣɡʢˮ/ǰ.)@(	AN2) glc-3.Ƕˌ: p = 0.13N2) eat-4.Ƕˌ: 
p = 0.014 (Fisher.ǱȽȽȣǤŉHolmʓǱN2: N = 15glc-3: N = 12eat-4: 
N = 12*p < 0.05)(D) șßȔ>1ï
ßȔ,A Ca2+Ƈɐ̕ųN2(
.șßȔ)ï
ßȔ.Ƕˌ: p = 0.0045glc-3(.șßȔ)ï
ßȔ.Ƕ
ˌ: p = 0.34eat-4(.șßȔ)ï
ßȔ.Ƕˌ: p = 0.34șßȔ(.N2
) glc-3.Ƕˌ: p = 0.024șßȔ(.N2) eat-4.Ƕˌ: p = 0.00044ï
ß
Ȕ(.N2) glc-3.Ƕˌ: p = 0.014ï
ßȔ(. N2) eat-4.Ƕˌ: p = 
0.000015 (Wilcoxon .ɍĊ̑­Ǥŉ>1 Wilcoxon .̑­ėǤŉHolm ʓǱ
N2: N = 15glc-3: N = 12eat-4: N = 12*p < 0.05**p < 0.01***p < 0.001)
(E) Ca2+Ƈɐǈ.Ůĩ!Tbz˩Ìçɜ̋>1ɦɨ/B BșßȔ
ï
âǑï
ŽǑ(.Tbz˩ÌçE	?DMo/ǫȏʮŦE	
?D (N = 12șßȔ: n = 9ï
âǑ: n = 3ï
ŽǑ: n = 9)(F) Ca2+Ƈɐâ
)Ƈɐ.Tbz˩ÌçƇɐâ (pre) / C.−3Ƀ?−2Ƀ.ŮĩÂE	
?DƇɐ (onset) /−0.5Ƀ?+0.5Ƀ.ŮĩÂE	?Dɡʢˮ/¥.
)@(	AșßȔ: p = 0.60ï
âǑp = 0.53ï
ŽǑ: p = 0.50 (ŔƇ.	
A t-testN = 12șßȔ: n = 9ï
âǑ: n = 3ï
ŽǑ: n = 9)(G) Ca2+Ƈɐ
	AĲč (ʂ¢) )+
Ĳč (ʂ+) .Tbz˩Ìç.ȉŘɡʢˮ/ǰ
.)@(	AșßȔ: p = 0.88ï
ŽǑ: p = 0.48 (Welch. t-testN = 12
șßȔCa2+Ƈɐ	@: n = 9șßȔCa2+Ƈɐ+: n = 108ï
ŽǑCa2+Ƈ
ɐ	@: n = 9ï
ŽǑCa2+Ƈɐ	@: n = 100) 
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Ĥ 3.7 Ca2+Ƈɐ,ŔA levamisole.Ż̏ 
(A) levamisole.șȇé (̋) >1ȇé¿¯ (ˀ) .ï
,ŔAAIY.Ca2+Ƈɐ
ȗ.Ż/ IAAßȔEɨ.Ĕ@.Ż/ǫȏʮŦE	?D ()<,N = 10)(B) ș
ßȔ>1ï
ßȔ,A Ca2+Ƈɐ̕ųșßȔ: p = 0.75ï
ßȔ: p 
= 0.80 (Wilcoxon.̑­ėǤŉHolmʓǱ)<,N = 10)(C) ï
ȇéǈ. Ca2+
Ƈɐȣp = 1.0 (Fisher.ǱȽȽȣǤŉ)<,N = 10)  
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3.4 P 
ǔȻɇ(/̩%.ďǈJ|\Tǽ>1ĺȯ¯EȪ
!Ŋ̟,>$'ȧ
ĶmJ^,AAIY.Ca2+)ɺ̉­Ca2+)Tbz˩Ìç.˷ºEǅ?,!
B,>@Ca2+Ƈɐ)ɺ̉­Ƈɐ67ďǈ,9?BA)D$!8!AIY .
ƺȱȳ+ Ca2+Ƈɐ/Tbz˩Ƈɐ.Ʊ?,>$'ŷ˂BA)ǅ?,+
$!.)/ in vivoɘ.ȧĶmJ^,
'Ì×ç˷ºEǅ?,!/;'.
ıē(	A 
AIY /Ƒʜɀɟɝɴ?Ʒ×BATbz˩ÌçEąĄ@ (White et al., 
1986; Chalasani et al., 2007; Serrano-Saiz et al., 2013)8!. Ca2+Ƈɐ/˕ų=ǀđ
ˊƯʎí)ȶ˷A (Li et al., 2014)B>@ǔȻɇ.ɠǚ/ƑʜÌç.Ʊ?ʎí
.Ʊ?EȨ:ĈɵƊEȾĚ'
AșßȔ,
'ƑʜÌç)ʎíEďǈ,Ȍŉ
A)/[TjmJ^Ƕ®Ģ̈(	A (Faumont et al., 2012)ǔȻɇ.ɠǚ/
.>+˷ºƊEȦʠA(ˬʘ(	A 
ÉʎȻɇ,
'mJ^Eţȳ,¢éA)(mJ^)ʬȹǮɵ).˷
ºƊ9?B'! (Nienborg and Cumming, 2009; Renart and Machens, 2014).
ƛǽ/ʬȹǮɵEȦʠA(/Ÿç+ƛǽ(/	AșßȔ,AȨȞʎí=
.ȨȦEǅ?,A.,/đ+
ǔȻɇ(/șßȔ(. AIY .Ì×ç˷ºEʪ
ɝ,ʱ5!.>+ƛǽ/șßȔ(.ʎí.ĽǩƊ=ʕ̆+ɀɟĠˇ,Aɻ
ȱȱȖEȦʠA(ˬʘ(	A 
ɀɟª˜ȞʿÌç) Ca2+Ƈɐ.˷ºEǅ?,!ÉʎȻɇ(/U\iñ
čȞ=[jt]âɝɴEßȔA)(B?.˷ºEǅ?,>)ʨ9?B'! 
(Callaway and Katz, 1993; Branco and Häusser, 2010; Kramer et al., 2013)+
?B?.ßȔ/ţȳ(%Ŋ́.ɀɟª˜ȞʿÌçEŉˮA)/(+

ǔȻɇ(/șßȔǈ,
'șßȔȠƒ,
'ȨȦȳ,9?BAǕ§,
'ɀ
ɟª˜ȞʿÌç) Ca2+ƇɐEȌŉA),Ɨè!.>+ďǈJ|\T,>
Aƛǽ/Ž88ǎȪ,+A)ɭ?BA 
ǔȻɇ(/ eat-4= glc-3)
$!ĺȯ¯EȪ
!B?,
'< Ca2+Ƈɐ
EňÍ,+)/(+$!AIY /ɀɟvtdi+*¡.ɀɟª˜ȞʿEą
Ą$'@B?/Ca2+ƇɐEŷ˂ſA (Kuhara et al., 2011; Rabinowitch et al., 
2016; Aoki et al., 2017)Tbz˩Ìç.ȉŘ AIY. Ca2+ƇɐEŷ˂)E
ǅ?,!¡.ɀɟª˜Ȟʿ,>$'.ƇɐƊ¾̚BAĈɵƊ/õØ,ǎ
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@ſA8!ǔȻɇ/Tbz˩ÌçEĺñA!;,ï
ßȔEȪ
!.
¡.ßȔ,>$'ĺñ!ĲčÉ,ː5!>+ɀɟvtdi+*,>$'ƇɐƊ
ĺñAĈɵƊɭ?BAŊ́ï
,.9ƇɐA)ȹ?B'
A AWCɀɟ
ɝɴ̠ȕų. NaCl ßȔ,>$'ɀɟvtdiE ' Ca2+ƇɐEŷ˂BA 
(Leinwand and Chalasani, 2013)>$'ʕƻ.ƑʜÌç,>A¾̚<ƇɐƊEĺñ
AĈɵƊ	A 
8!glc-3 = eat-4 ĺȯ¯,
'Ca2+Ƈɐ̕ųȉŘ!GLC-3 /T
bz˩²íƊ Cl-1d~l(	A (Horoszok et al., 2001) ?B?.ĺȯ¯,

'/AIY.ɺ̉­/ɶØǦA)ɭ?BAĺȯ¯,
'< Ca2+Ƈɐ.ź
,/	8@ĺñ+$! (Ĥ 3.8).)/AIY ɀɟɝɴ Ca2+ƇɐE²@×Ǯ
ɵE¼ƥ'
A)EȾĚ'@Ůʐ̉­¼!B'
A)EƏĕ'
A+
+?ɨʋ. Ca2+Ƈɐ,/ɶØǦƄʘ"?(	A (Liu et al., 2018; Shindou et al., 
2019)>$'Tbz˩Ìç+
ĺȯ¯,
'/ Ca2+ƇɐEȾ!;.˸Ẩ­
E˃A)(+
!;Ƈɐ/ȉŘ!<.)ɭ?BA 
  
52 
 
 
 
Ĥ 3.8 Ca2+Ƈɐ.Ůĩ 
ɜ̋ >1ɦɨ/B BșßȔï
âǑï
ŽǑ(. Ca2+ƇɐE	?D
Mo/ǫȏʮŦE	?D (N2: N = 15șßȔ: n = 15ï
âǑ: n = 11
ï
ŽǑn = 20glc-3: N = 12șßȔ: n = 15ï
âǑ: n = 6ï
ŽǑn = 
20eat-4: N = 12șßȔ: n = 9ï
âǑ: n = 3ï
ŽǑn = 9) 
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?Ŗ×B!ɠǚ(	@Ŋ́Ȩ¯Ó(̑Ƈìȣ,mJ^Ż̏E'
A/
ǅ(	Aǀ(Ɏ 3 ɋ,
'Ⱦ!>,Ì×ç.ǈɘÛgbEďǈJ|
\Tǽ,>$'mJ^<Ē;'ȌŉA)(B0Ɏ 2 ɋ.ɠǚEŊ̟ȳ,ʦ
ǅA)(A"C.>,ǔȻɇ,AHtd/mJ^.Ż̏E
ȹA!;.Ž.ȻɇƦ˰EȾ'
A 
8!ǔȻɇ,
'mJ^/ȨĖ[]f{EȦʠA(șʛ(+
<.
(	A)Ⱦ!ľɸʆ}g,
'/mJ^,>$'ˁñƊ.ìȣđAĲč
9?B!B>@ļȮ.ñŇȞʿ,Ē8BAmJ^<ìȣȳ+ñŇˁƊ,ÝȪ
'
A)EȾĚ!B/mJ^,>$'.ßȔ,ŔAƑųđAȽȣ
Ï̢ȥʹ.Ɇ(	A<B+
 (Wiesenfeld and Moss, 1995; Gammaitoni et al., 
1998; Anderson et al., 2000; McDonnell and Abbott, 2009; Tutu, 2011)8!ɨʋ,

'/ƑʜÌç.[]f{Óʑȥ(	ATbz˩Ìç Ĩɀɟɝɴ AIY .ƺȱ
ȳ+ Ca2+ƇɐEŷ˂)Eǅ?!AIY. Ca2+Ƈɐ/ɨʋ.˕ų=ǀđˊƯʎ
í)ȶ˷A)?B'
A (Li et al., 2014)B>@ƑʜÌç.Ʊ?ɻțȠ
ƒ(.Ľǩ+ʎíEȨ:ĈɵƊEȾĚìȣȳ+̜ƫɛʎí)<˷ºAĈɵƊ	
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A (Yoshimizu et al., 2018; Ashida et al., 2019).>,Ʊ?=mJ^,ȸȴA
)(8(Ůĩñ,>$'șʛB'
!ȥʹ,%
'.ȦʠEȆ;A)Ĉɵ)
+$!B8(.Ȼɇ/Ůĩñ,>$'mJ^EĄ@˽)(.Ŕʹ[]f{,
%
'.ȦʠEȆ;'!!ǀǽʴ/<#CFˬʘ(	AB,>$'ʙ
ʇ)'
A˦ØŘ++
)EǔȻɇ,
'Ⱦ)(! 
¥?ǔȻɇ.Əɫ/mJ^Ȼɇ,
'ȦʴŊ̟̍Eɠ1%A!;
.ǀđƊEȾ!Ș(	A 
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Ĥ 4.1 ǔȻɇ.ʘə 
ľɸʆ.ˁñƊ}gEȪ
mJ^,Ŕ'̑ƇìȣúʱȉŘ+
)E
Ⱦ! (Ť)8!ɨʋ. Ĩɀɟɝɴ AIY,
'Tbz˩Ìç.Ʊ?
,>AȉŘ Ca2+ƇɐEŷ˂.),ɺ̉­ĺñA)EȾ! 
(ĉ) 
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4.2+USd 
B8(.Ȼɇ.Ľ/Ȍŉɘ+*,>?+
(Èǖ[]f{,Ē8B'
A
/.mJ^E<Ą@˽)(.Ŕʹ[]f{,%
'ʠǙE˘;'!
ǔȻɇ(/.>+ȨĖȥʹÈǖ<%Ʊ?=mJ^,ȸȴA)(8(Ą@
˽B'
'ʙA)(+$!ȥʹ,%
'ȦʴŊ̟.̍?Htd!
B,>@mJ^AŻ̏.ˬʘƊEȾ)(!ǀ(ǔȻɇ.˻Ȯ/
.Ȧʴ)Ŋ̟EŊ́,ɉčDA)('
+
Ș(	AB/Ȧʴ.Ǥʦ,Ƅ
ʘ+Ŋ̟ƞʏ.˻Ȯ,	A<.)ɭ?BAˏů.ȌŉÞƀƞʏ.đ,>
@B?Eɠ1%A)ˏ
ŕǖĈɵ,+A"C (Ĥ 4.2) 
×çȌŉ,˷'/ÊˣªŇ=ʌÊts.˵ȱ,>@>@ŭŲ
Ŕʹ,

'.˷ºƊďŉBA"C (Arrowsmith et al., 2015; Miyawaki and Niino, 
2015; Lin and Schnitzer, 2016; Kim et al., 2017)ȌŉŔʹ)'/Ca2+= cGMP+*
.ʘ+_Oi|e_\~,é (Mochizuki et al., 2001; Nagai et al., 2004; 
Russwurm et al., 2007; Niino et al., 2009; Miyawaki and Niino, 2015)ǔȻɇ,
'Ȫ

!Tbz˩_Y.¡,-Hzm˧˩ (GABA)H_dWipz
mHij+*Ľƻ.ɀɟª˜ȞʿȌŉ(A>,+$'! (Marvin et al., 
2013, 2018, 2019; Jing et al., 2018; Patriarchi et al., 2018; Sun et al., 2018; Feng et al., 
2019)8!ʌÊJ|\T(/ďǈJ|\T.!;,/ë˂ā1ʌÊǾ˴.ˬʕ
Eˤ+B0+?+
ɝɴÓ[TjØńEȌŉA!;,ʁȪ
?BAʌÊÏ
̢MlRɄí (FRET) EÝȪ!ʌÊbpSʿĪ_Y.Ĳč[H)̣ʂ.
ʌÊ.ɞ9čDĽ
ˏů(/N\)ˀ.ɞ9čD,%
'<ıē
B'
A (Shaner et al., 2005; Bajar et al., 2016)8!FRETĪ_Y.>,2
ʂ.ʌÊEȪ
A.(/+1 %.ʌÊbpSʿ(ȌŉA)<Ĉɵ,+$'@
8!.ʂ<>Ȫ
?BAɦʂ̋̣ʂ.¡,<ˀ=ˀļʌÊbpSʿ,>$'<
²ʔB!_Y<˵ȱB'
A (Zhao et al., 2011; Dana et al., 2016; Wu et al., 
2018; Inoue et al., 2019; Qian et al., 2019)B?.Ȍŉƞʏ.đ,>$'Ľƻ.ɝ
ɴÓ[Tj.ďǈJ|\TEA)(ǔȻɇ(ʙ!>+ȦʴŊ̟.̍E
ɠ1%AȻɇĈɵ,+A"C 
8!×çȌŉƞʏ<đ'
AÊ[hĪ̗Ɓ˳ (Huisken et al., 2004; 
Power and Huisken, 2017) =Êń̗Ɓ˳ (Denk et al., 1990; Helmchen and Denk, 
2005) +*,>@>@Ų
ɓģE̠ʠÇų%˴ǈ˶̠[TjmJ^Ƕ(ƴŻ(
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A>,+$!mJ^.Ż̏EȹA!;,/[Tjɻ¯<%mJ^Ȍŉ,˂ġ
AmJ^,ī<B+
)ˬʘ(	A?.>+Ȍŉƞʏ.đ<mJ^,˷
AȻɇ.Ȧʠ,ľʼȢA"C 
ǀ(ÌçEÞƀmJ^.Ż̏EʙAHtd<	A"Cµ0
ÊˣªŇȳƛǽ	AB/ÊƑąƊbpSʿEȪ
A)(Ȩ¯,Ŕ'̌¹
ʗ%̠˕,ĺʱEŷ˂<.(	@µ0ɺ̉­ĺñ= Ca2+ȕųĺñEŷ˂
<.ʁȪ
?B'
A (Nagel et al., 2003; Boyden et al., 2005; Kim et al., 2017)
8!B¥ļ,<ˏů/ˣªńȱȥ.Þƀ<Ĉɵ,+$'! (Lee et al., 2017; 
Yamada et al., 2018)8!Q| GbpSʿÏżąŏ¯ (GPCR) Ȫ
A),>@
ȟŉñčȞ,Ŕ'ȟŉ. GPCR .[Tjª˜Eŷ˂)(A (Guettier 
et al., 2009; Vardy et al., 2015; Roth, 2016).>+ƛǽ,>$'ÌçEÞƀA
)(Ìç,¨Ə.mJ^EĒ8!).×çEȌŉ(A.>+Htd<
mJ^.Ż̏EȦʠA(ˬʘ(	C 
Ȧʴ,%
'/ǔȻɇ,
'Ʊ?ɘ.ȜçŇ)ƍıű°ŇEȪ
A)(
ľɸʆˁñƊ.̑ƇìȣEǅ?,!Ʊ?ɘ.ȜçŇ)ƍıű°Ň).˷D@,%

'/Ȼɇ/8$!0@(	A>$'Ž88Ȧʠ˘F(
"C
8!Ʊ?ɘ.ȜçŇ,
'/ʠǙ.=?}g/ɨź(ʣːBA
)Ľ
 (Seifert, 2012; Parrondo et al., 2015)ǀ(Ȩ¯Ó,/̌ɨź+Ƈɐ/	@
2B'
A (Strogatz, 2015).>+Ĝ̖,Ŕ'/ɄȀƣƺǀɅŶ(Ȫ
?BAƻ
Âʢɑ,>AHtdE Fokker-Planck ǀɅŶ,ˠȪA.ǎȪ(	C>$'
ȨĖ,AȦʠ,/Ʊ?ɘ.ȜçŇƍıű°ŇȀ¯çŇʢɑǮɂŇ)
$!
ǩ+Ø˭?.HtdƄʘ)+$'A"C 
¥(ː5!>,̍,/8"ȐŅĨ'
AȥȠ(	AǔȻɇ,

'ȦʴŊ̟.̍?mJ^,>AŻ̏,%
'ʱ5A)(.ȐEī;A
),ʼȢ(!)ɭ'
A8!ȥȠ(/.ǭȊ,°˄'
A.,%

'<ǅ?,(!)ɭ'
A>$'ȦʴŊ̟.̍?.Htd/mJ
^,>AŻ̏EȦʠ,ʼȢA)(A"C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